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! Abstract 

C*~) , We discuss connection between spin-dependent SFs of nucleons and nu- 

clei in the deep inelastic lepton scattering. The case of the deuteron is 
studied in detail in the Bethe-Salpeter formalism. 

> 

^ : 1 Brief introduction 

On . 

In the present talk we discuss the spin-dependent structure functions (SF) of 
nuclei and their relation to those of nucleon. Our main focus will be the deuteron, 
which we study in detail in the covariant Bethe-Salpeter formalism. Why it so 



On 

Q-ij important and interesting to study the nuclear effects in the SFs? 

P 



Q_i| First, nuclei are the only source of the experimental information about neu- 

tron SFs, including the spin-dependent ones. To obtain this information, it is 
important to understand how nucleons are bound in the nuclei and how this 
binding affects their SFs. An accurate method to extract the neutron SFs from 
5_i ■ the nuclear data must be an essential part of the consistent analysis of the nu- 

cleon SFs. Second, a physics governing the processes with the participation of 
the nuclei is extremely interesting by itself. For instance, a spin-1 nucleus, such 
as a deuteron, has extra spin-dependent SFs than nucleons, i.e. &f 2 . Another ex- 
ample, nuclei as a slightly relativistic and weakly bound systems allows for more 
progress than the hadrons, in studying the covariant bound state problem. In cer- 
tain situations the covariant approach gives results noticeably different from the 
nonrelativistic ones. For the spin-dependent SFs such situation is a calculation of 
the bi2- And third, our interest in the study of the reactions with the deuteron 
is in part motivated by the future and ongoing experiments. In particular, very 
recently we started a study of the chiral-odd SF h®. 

1 Talk at the Circum-Pan-Pacific Workshop on High Energy Spin Physics'96, October 2-4, 
1996, Kobe, Japan. 
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2 Spin-dependent SF of nucleon, gf . 

For recent reviews about the nucleon spin-dependent SFs see refs. Q J2|. 
2.1 Basic formulae 

The differential cross section for the polarized electron-nucleon scattering has the 
form: 

dtldE' ~ 2mq*E [ > 



where a = e 2 /(47r), q = (u, 0, 0, — \J v 2 + Q 2 ) is the momentum transfer, Q 2 = 
—q 2 , m is the nucleon mass, E(E') is the energy of the incoming (outgoing) 
electron, L^ u and W^ u are the leptonic and hadronic tensors. The most general 
expression of W^ v is 

W»(q,p) = (2) 
9nv + -^-J F x (x N , Q)+\p,t- q^ J [Pu - qv~^ J — 

+ y q \f {g?(*N, Q 2 ) + 9% i x Ni Q 2 )) - P ^9?(x N , q 2 ; 

where x^ = Q 2 j(2pq) (in the rest frame of the nucleon xn = Q 2 /{2mv)) and S 
is the nucleon spin. 

In accordance to the ideology of the quark-parton model, the SFs F\ t 2 and 
gi are proportional to the appropriate quark distributions on a part of the total 
longitudinal momentum of the nucleon, x. For instance, if we denote the net 
spin carried by quarks as Aq(x, Q 2 ) (q = u, d, s) and introduce the following 
combinations: 

Aq 3 (x,Q 2 ) = Au(x,Q 2 ) - Ad(x,Q 2 ), (3) 
Aq 8 (x, Q 2 ) = Au(x, Q 2 ) + Ad(x, Q 2 ) - 2As{x, Q 2 ), (4) 
AS(x, Q 2 ) = Au(x, Q 2 ) + Ad(x, Q 2 ) + As(x, Q 2 ), (5) 

then the SFs of the proton (neutron) can be written as: 

gP' n (x, Q 2 ) = ±±-Aq 3 (x, Q 2 ) + ^Aq 8 (x, Q 2 ) + 4 AS (^ Q 2 )- ( 6 ) 
12 3d 3d 

Important objects of the study of quark structure of the hadrons are the so- 
called sum rules for the SFs. The sum rules relate the moments of the SFs to 
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the fundamental (or sometimes not very fundamental) constants of the theory. 
Integrating eq. (||) , the first moments of the proton (neutron) structure functions 
can be written in self-explaining notation: 
1 

S»<»> = I dxgf"Hx,Q*) = (7) 

|( 1 -^ + ...)( ±A , 3 + iA, 8 ) + i(l-g + ...)A£, (S) 

where the perturbative QCD corrections, to order 0(a s ), are also presented. 
From the current algebra for asymptotic integrals we have (Q 2 — > oo): 

Aq 3 = 1.257 ± 0.003, Aq 8 = 0.59 ± 0.02 (?). (9) 

The first constant is from the weak decay of the neutron and the second constant 
is from the decay of the hyperon. The "?" mark is due to the residual questions 
about SU(3). 

The Bjorken sum rule is the most fundamental relation: 

S p -S n = I(l-^ + ...)A<fe, (10) 

which numerically gives 0.187 ± 0.003 at Q 2 = 10 GeV 2 and 0.171 ± 0.008 at 
Q 2 = 3 GeV 2 . 

The Ellis-Jaffe sum rule is not so fundamental. Assuming that As = and, 
therefore, AS = Aq 8 ~ 0.6, we get at Q 2 = 10 GeV 2 (3 GeV 2 ): 

S P EJ = 0.171 ±0.004 ( 0.161 ±0.004), (11) 
S%j = -0.014 ±0.004 (-0.010 ±0.004). (12) 

The spin-dependent SFs, g\, allow also to study spin content of the hadrons. 
Indeed, using eqs. ([]) and experimental values of S p,n (a fraction of) the nucleon 
spin carried by quarks, AS, can be determined. The total angular momentum 
(spin) of the nucleon consists not only of AS, but also: 

l -= l -AY, + AG + Ll + L^ (13) 

where AG is the gluon spin contribution, L q ^ G ^ is the quark (gluon) orbital angu- 
lar momentum contribution. In naive quark model AS = 1 and others are zeros. 
In the relativistic quark model AS = 0.75 and L q z = 0.125 and others are zeros. 
From the current algebra AS ~ 0.6 ± 0.1, others are unknown. 
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2.2 Experiments for 

Both the SFs and the sum rules are the subject of intensive experimental studies 
in recent years. Table I presents measurements by various experimental groups. 



Table I. 



Experiment 


Year 


Target 


~ Q 2 GeV 2 


(^Target 


E80/E130 


1976/1983 


P 


5 


0.17 ± 0.05 


EMC 


1987 


P 


11 


0.123 ± 0.013 ± 0.019 


SMC 


1993 


d 


5 


0.023 ± 0.020 ± 0.015 


SMC 


1994 


P 


10 


0.136 ± 0.011 ± 0.011 


SMC 


1995 


d 


10 


0.034 ± 0.009 ± 0.006 


E142 


1993 


n ( 3 He) 


2 


-0.022 ± 0.011 


E143 


1994 


P 


3 


0.127 ± 0.004 ± 0.010 


E143 


1995 


d 


3 


0.042 ± 0.003 ± 0.004 


HERMES 


1996 


n ( 3 He) 


3 


-0.032 ± 0.013 ± 0.017 



From the SMC and E143 data the Bjorken sum rule is: 

{S p -S n ) SMC « 0.199 ±0.038 at Q 2 = 10 GeV 2 , (14) 
(S p -S n ) E143 « 0.163 ±0.010 ±0.016 at Q 2 = 3 GeV 2 , (15) 

i.e. the sum rule is confirmed with 10 % accuracy. From Table I it is clear that 
the Ellis-Jaffe sum rules are broken. 

As to the spin content, (|l~3"|), only one piece, AS, can be extracted from the 
data for the integrals of SFs. The world data from Table I gives: 

AS « 0.3 ±0.1, (16) 

which is larger than the first result of EMC, AS = 0.12 ± 0.094 ± 0.138 « 0, but 
still lower than quark model estimates. 

In addition to the perturbative corrections in eq. (^), various other corrections, 
such as the kinematic mass corrections, ~ m 2 /Q 2 and higher twist corrections, 
~ l/Q 2 , are discussed. 

3 Nucleons and nuclei 

Note that actual data for the neutron is not presented in Table I, only the data 
for lightest nuclei. A simple formula is used to obtain g\ from the combined 
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proton and deuteron data: 

^ = (i-§iw>)cs?+sr), (17) 

where wd is the probability of the D-wave state in the deuteron. Depending on 
the model, W£> = 0.04 — 0.06. Similarly, the neutron SF is obtained from the 3 He 
data: 

91 He = (Ps + ~Ps> ~ Pd) 9l + (§Ps' - \Po) 9l (18) 

where Ps, Ps' and Pjj are weights of the S, S' and D waves in 3 He, respectively. 
Typical (mo del- dependent) values of these weights are Ps ~ 0.897, Ps' = 0.017 
and P D = 0.086. 

It is important to realize that the real connection between the nucleon and nu- 



clear SFs is more complex than given by formulae like eq. (|17 ) and (|i8|) . Studies 
of the last decade show importance of the proper separation of the binding, Fermi 
motion and the off-mass-shell effects in the procedure of extracting the neutron 
SFs from the nuclear data (see refs. ||, [|, [j| and references therein). However, 
effects of the Fermi motion are sometimes estimated by the experimental groups, 
other effects are always neglected. Such a way of action can be phenomenolog- 
ically more or less safe at the present level of accuracy of the experiments, but 
not in general. 

The deuteron is the most appropriate target to study the neutron SFs, since 
it has a well-known structure and well-studied wave function or relativistic ampli- 
tude. Besides all other effects such as meson exchanges, binding of the nucleons, 
off-mass-shell corrections, shadowing, etc, are minimal. Even in the case of 3 He 
the situation is known to be different |], [|]. Indeed, eq. (|l8|) or even more so- 
phisticated convolution formula violate the fundamental Bjorken sum rule for the 
3 He- 3 H pair at the 3-5% level, which is a serious indication of other degrees of 
freedom involved in the process. Once again, this fact is completely ignored by the 
experimental groups reporting the results for the neutron SFs from experiments 
with 3 He. In what follows we consider the nuclear effects in the spin-dependent 
SFs of the deuteron. Results of our studies make us certain that an accurate 
extraction of the neutron spin structure function, g™, is possible. 

Considering nuclei as a complex system of interacting nucleons and mesons, 
we calculate the nuclear SFs in terms of the structure functions of its constituents, 
nucleons and mesons, and in the Bethe-Salpeter formalism for the deuteron am- 
plitude. For the spin- independent SFs, F®, the mesonic contributions to the SF 
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is important (although quite small) for the consistency of the approach, since the 
mesons carry a part of the total momentum of the nuclei (see Q and references 
therein). However, for the spin-dependent SFs explicit contribution of mesons is 
not important. Rather, their presence manifests via binding of nucleons in nuclei. 
This is why we consider only nucleon contributions to the spin-dependent SFs. 

We start with the general form of the hadron tensor of the deuteron with the 
total angular momentum projection, M, keeping only leading twist SFs: 

W°(q,P D ,M) = (-g^ + M^-^F 1 D (x D ,Q 2 ,M)+ (19) 

+ ^W9°^(M) 9 f(:r D ,Q 2 ), 

where X£> = Q 2 /(2Poq) (in the rest frame of the deuteron xn = Q 2 / '(2Mj)v)), 
Sd(M) is the deuteron spin and Ff 2 and are the deuteron SFs. Averaged over 
M this expression leads to the well-known form of the spin-independent hadron 
tensor which is valid for hadron with any spin: 

w£ (q,P D ) = \j2 W S> (?' Pd > M ) ( 2 °) 

6 M 

, Q^A T?r>, r) 2^_ L fp p oq\ („ Pdq\ F°{x d ,Q 2 ) 

9/j.u + -^V" F l(xD,Q ) + PDn - <7m— 5- P Du - 9v 1 



9 J V 9 J \ 9 J p DQ 

where Ff ) 2 (x£), Q 2 ) are the result of averaging of the SF Ff 2 (x D ,Q 2 ,M). 
To separate g± we can use one of the following projectors II: 



i(S D (M)q) a p 

In the limit Q 2 /v 2 -> 0: 



n aqP(M\ P (2) _ i{&D{M)q) p 
n-iw = ^ixuapQ b D {M), it^ = e^apq F D . (21) 



R {l)lw W D R (2)^u W D 
n = EL _ EL. (22 

The nucleon contribution to the deuteron SFs is presented by the triangle 
graph, written in terms of the Bethe-Salpeter amplitude of the deuteron M, BJ: 
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where W is the appropriate operator, describing the scattering on the constituent 
nucleon. Neglecting small correction due to the "nucleon deformation" |jlO| it can 
be written down as: 

W^q,p) = W {fll/} (q,p) + W [H (q,p) (23) 
W {tlu} (q,p) = J-W»{q,p), (24) 

W[^](q,p) = — e^o^VSsf {q, P), (25) 

where {. . .} and [. . .] denote symmetrization and antisymmetrization of indices, 
respectively, WK U \ is the spin-independent part of the hadron tensor of the nu- 
cleon and g^{q,p) = g±(x,Q 2 ) is the spin-dependent nucleon SF. 

The explicit expressions of the deuteron SFs in terms of the Bethe-Salpeter 
amplitude, ^mCpojP); are given by: 

B?{x N ,C?,M) = ij^H^-^Q 2 ) (26) 
J (2vr) 4 VPio+Pi3 / 

Tr {§m(po, p)(7o + 73)^/(^0, p){p2 ~ m)} 
2M D 

9i(x N ,Q) = 1 7^401 ,Q (27) 

J (2?r) 4 \P10+P13 J 



Tr{* M (p ,p)(7o + 73)75 *m(po,p)(p2 - m)} 



M=l 



2(pio+Pi3) 

where pio and pi% are the time and 3-rd components of the struck nucleon mo- 
mentum. Averaging over the projection M has not been done in eq. (|26|), since 
we use the present form later to calculate the SF 6f 2 . Then two independent 
"SFs", with M = ±1 and M = are obtained: 

F?(x N ,Q 2 ) = i F?(x N ,Q\M), (28) 

Af=0,±l 

F?{x N , Q 2 , M = +1) = F 2 D (xAr, Q 2 , M = -1). (29) 



A method to calculate numerically expressions like (|26|) and (|27| ) is presented 
in ref. ||. The important details of the calculations are: 

1. A realistic model for the Bethe-Salpeter amplitudes is essential for a realistic 
estimate of the nuclear effects. We use a recent numerical solution || of 
the ladder Bethe-Salpeter equation with a realistic exchange kernel. 
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2. The Bethe-Salpeter amplitudes and, therefore, eqs. (26)-(|27|) have a non- 
trivial singular structure. These singularities must be carefully taken into 
account. 

3. The BS amplitudes are numerically calculated with the help of the Wick 
rotation. Therefore, the numerical procedure for inverse Wick rotation must 
be applied. 



X 

en 



LP 




0.8 



Figure 1. 



Calculations with the realistic BS amplitudes result in the behavior of the g{ 



D 



very similar to other calculations fLT| , 12]. The result is presented in Fig. 1 in 
the form of the ratio, g% /g% ■ Dotted curve presents non-relativistic calculations 
with the Bonn wave function, solid curve the BS result. The dashed curve is 
the illustrative result for the non-relativistic calculations utilizing the BS axial- 
vector density. Last curve, dot-dased, in Fig. 1 corresponds to the naive formula 
(|l7|). Despite seemingly drastic difference in the ratio g\ /g\ given by ( |i~7| ) and 
realistic calculations, the typical experimental errors today are larger. (Large 
fluctuations of the ratio at x < 0.7 are not too important. They correspond to 
zeros of the nucleon SF which are slightly shifted by the convolution formula.) 
Indeed, in Fig. 2 we present representative example of data (SMC-1994), together 
with two fits of these data (dashed lines). The solid lines present results of exact 
extraction of the nucleon SF from the present deuteron data. We see that curves 
for deuteron and nucleon both do not contradict the experiment. 

However, in certain kinematical conditions effects can be bigger. For instance, 
lately much interest is devoted to the discussion of the Gerasimov-Drell-Hearn 
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sum rule for the proton and the neutron SFs at small Q 2 in general and at 
Q 2 = in particular (see reviews [[l], and references therein). Very important 
contribution to the study of the neutron SFs is expected from the Jefferson Lab 
groups [O], where experiments with the deuterons and 3 He are planned in the 
intervals Q 2 ~ 0.15 — 2 GeV 2 . Analysis of the deuteron SFs in this interval of 
Q 2 , the nucleon "resonances" region, shows that effect of the binding and Fermi 
motion is much larger here than in the deep inelastic regime. An example of the 
calculation of the deuteron structure function, Q 2 ), is presented in Fig. 3a 

(dashed line) at Q 2 = 1.0 GeV 2 . It is compared with the nucleon SF, g^ ' (x, Q 2 ), 
input into the calculation. In the areas of resonance structures in gi(x, Q 2 ), 
the deuteron SF differs up to 50%! In Fig. 3b we present a comparison of the 
neutron SF, (solid line, input into calculations in Fig. 3a), with the "neutron" 
SF "extracted" by means of the naive formula (|l7|) (dashed line). We see that 
these two functions have nothing in common. 




Figure 2. 



The same effects appear in 3 He [15|. The presented example, shows that in 
every particular situation one has to consider the nuclear effects and take into 
account corresponding corrections to the SFs. 

Mathematically the problem of extraction of the neutron SF from the deuteron 
data is formulated as a problem to solve the inhomogeneous integral equation ( [27] ) 
for the neutron SF with a model kernel and experimentally measured left hand 
sideQ, gi . Recently we proposed a method to extract the neutron SF from the 



2 Depending on the model, some additive corrections could be taken into account. 
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deuteron data within any model, giving deuteron SF in the form of a "convolution 
integral plus/minus additive corrections" The principal advantages of the 
method, compared with the smearing factor method, are the following, (i) Only 
analyticity of the SF need be assumed, (ii) the method allows us to elaborate on 
the spin-dependent SF, where the traditional smearing factor method does not 
work. 
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Figure 3. 



4 Other spin-dependent structure functions 
4.1 SFs for spin-1 hadron, 



The SF bi is defined by (see ref. [16| and references therein): 

b 2 (x N , Q 2 ) = F 2 D (x, Q 2 , M = +1) - F 2 D (x, Q 2 ,M = 0), (30) 

Note, the SF F^^x, Q 2 , M) is independent of the lepton polarization, there- 
fore, both SFs, F% and b%, can be measured in experiments with an unpolarized 
lepton beam and polarized deuteron target. In view of eq. (p9|), only one of the 
SFs F2 > (x,Q 2 ,M) is needed, in addition to the spin-independent i ? 2 £) (x,Q 2 ), in 
order to obtain b2(x,Q 2 ). The other SF, 6f, is related to the deuteron SF Ff, 
the same way as b§ is related to F 2 D , via eqs. (p3), and b® = 2xbf . 
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Sum rules for the deuteron SFs 6f and are a result of the fact that the 
vector charge and energy of the system are independent of the spin orientation: 



J dx D bf(x D ) = 0, J dx D b%(x D ) = 0. 



(31) 



These sum rules were suggested by Efremov and Teryaev [17]. 




0.25 0.5 0.75 1 



0.5 



-0.5 




0.25 0.5 0.75 



Figure 4. 

The SFs bi and b® are calculated within two approaches as well. The results 
are shown in Fig. 4 a) and b). The behavior of the functions in Fig. 4 a) suggests 
the validity of the first of sum rules (|3l|). At the same time, the nonrelativistic 
calculation for b§ in Fig. 4 b) (dotted line) obviously does not satisfy the second 
sum rule. The main difference of the relativistic and nonrelativistic calculations 
is at small x, where these approaches give different signs for the SFs. To check 
a model dependence of the nonrelativistic calculations, we also performed cal- 
culations with the "softer" deuteron wave function (with cut-off of the realistic 
wave function at |p| = 0.7 GeV). Corresponding SFs are shown in Fig. 4 a) 
and b) (dashed line). It also does not affect the principle conclusion that the 
nonrelativistic approach violates the sum rules. 
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4.2 Chiral-odd SF /if 

The spin-dependent SFs h\ of the nucleons and deuteron can not be measured 
in the inclusive deep inelastic scattering, but in the semi-inclusive process []18[|. 
In this sense these SFs are different from the SFs studied in the present pa- 
per. However, we present the results for these functions, since (i) they carry 
important information about the spin structure of the nucleons and the 

deuteron pi] , (ii) the experiments are planned to measure them [2C] and (hi) from 



the theoretical point of view structure function of the deuteron, /if, is defined in 
a way very similar to the usual deep inelastic SFs pi]]: 

hi (XN) = I \ T7T\A h l T ( 32 

J (2vr) 4 VP10+P13/ 



Tr{^A/(po,p)75737o*Mbo,p)(]52 - m)} 



M=l 



2(>10+P13) 

To calculate the realistic SF /if (x) we need the nucleon SFs /if(x). However, 
so far there is no existing experimental data for this function, and very little is 
known about the form of /if in theory. In the present paper we follow the ideas 
of ref. [18] to estimate /if. Since the sea quarks do not contribute to /if , its 



flavor content is simple: 

hf(x)=5u(x)+6d(x), (33) 

where 5u(x) and 5d{x) are the contributions of the u- and d-quarks, respec- 
tively [|l8|, Since the matrix elements of the operators oc 7573 and a 757370 
coincide in the static limit, as a crude estimate we can expect that 

8u{x) ~ Au{x), 5d{x) ~ Ad(x), (34) 

where Au(x) and Ad(x) are contributions of the u- and d-quarks to the spin of 
the nucleon, which is measured through the SF . Correspondly, the simplest 
estimation for hi 

/if (a?) = aAu(x) + (3Ad(x), (35) 
a = (3 = 1 (36) 

should not be too unrealistic. In fact, the bag model calculation shows that 
difference between Sq and Aq is typically only few percent [pi]. This analysis is 
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mostly a qualitative one, since it is limited by the case with one quark flavor and 
does not pretend to describe a phenomenology. 

To evaluate possible deviations from the simple choice of , (|35|) with 
we suggest: 



a = 8u/Au, (3 = 5d/Ad, 



(37) 



where 5q and Aq are the first moments of 5q(x) and Aq(x), respectively (q = u,d). 
For Su and 5d we can adopt the results from the QCD sum rules and the bag 
model calculations pSj] . As to An and Ad, we can use the experimental data 
analysis [l], @ or theoretical results, e.g. the QCD sum rule results [19]. Thus, 
we estimate [(H]] : 



a = 1.5 ±0.5, £ = 0.5 ±0.5, 
at the scale of Q 2 = 1 GeV 2 . 



(38) 




Figure 5. 

The realistic form of the distributions Au(x) and Ad(x) can be taken from a fit 
to the experimental data for g± . In our calculations we used parametrization from 
ref. |25 



At this point we have to realize that, in spite of expected relations (34) 
distributions Sq and Aq are very different in their nature. Especially at x < 0.1 
where Aq probably contains a singular contribution of the polarized sea quarks 
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but Sq does not. Therefore we expect eq. (^) to be a reasonable estimate in the 
region of the valence quarks dominance, say x > 0.1. For completely consistent 
analysis, the parameters a and /?, and the distributions Au(x) and Ad(x) should 
be scaled to the same value of Q 2 . However, for the sake of the unsophisticated 
estimates we do not go into such details. 

The results of calculation of the nucleon and deuteron SFs, (solid lines) 
and (dashed lines), are shown in Fig. 5. The group of curves 1 represents case 
(|36|), which is a possible lower limit for h^ ,D in accordance with our estimates 
(p8|) . Curves 2 represent the case a = 1.5, (3 = 0.5, which is close to the 
mid point results of the bag model and the QCD sum rules. The upper limit 
corresponding to the estimates ( |38|) is presented by curves 3. For all cases the 
deuteron SF is suppressed comparing to the nucleon one, mainly because of the 
depolarization effect of the D-wave in the deuteron. This is quite similar to the 
case of the SFs gi and gf*. Note that our estimate of the nucleon SF , (p8D, 
gives systematically larger function than naive suggestion (|36|), the curves 1 in 
Fig. 5 which essentially corresponds to the estimate — (18/5)^, neglecting 
possible negative contribution of the s-quark sea |JXj, Qj. The large size of the effect 
suggests that it can be detected in future experiments with the deuterons p0| . 

5 Brief conclusion 

We have presented the results of our study of the spin-dependent structure func- 
tions of the deuteron. In particular, the leading twist gf, &f 2 an d ^? are con " 
sidered. The issue of the extraction of the neutron structure functions from the 
deuteron data is addressed. The role of relativistic effects is studied and can be 
summarized as: (i) relativistic calculations give a slightly larger magnitude of the 
binding effects, (ii) the relativistic Fermi motion results in "harder" SF at high 
x, and (iii) covariant approach is internally consistent, while the nonrelativistic 
approach is internally inconsistent and violates important sum rules. 
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